Previous investigation of M'aruyama (1956) showed the dynamic aspects of biochemical changes occurring during synchronous growth of Escherichia coli. Similar results also were presented by other workers using similar bacteria (DeLamater, 1956; Barner and Cohen, 1956) . In relation to these biochemical aspects it may be valuable to study the cellular response to chemical, physical, and biological antibacterial agents during cell growth. Bruce and Maal0e (1956) reported the effect of ultraviolet irradiation on synchronously dividing Salmonella typhimurium. Houtermans (1953) observed the effects of radiation on dividing E. coli. The infectivity of phage on the synchronously growing E. coli (thymineless mutant) also was reported by Barner and Cohen (1956) . In these scattered reports the method of synchronization of microbial cultures was niot necessarily the same. Moreover, it is probable that some of the methods used in these studies might affect the normal metabolic pattern of cells due to a rather unnatural treatment of the original culture.
In the present experiments, a physical method of synchronization was employed (Maruyama and Yanagita, 1956) , which was considered to be milder than the others. Using this technique, the authors attempted to disclose the change in sensitivity of E. coli during growth. The effects of sodium cyanide, chloramphenicol, ultraviolet irradiation, as well as phage infection on the growing E. coli cells, were investigated with special reference to cytological observations.
MATERIALS AND METHODS
Escherichia coli strain B was cultured synchronously in a synthetic medium (glucoseammonium chloride-salts medium) at 37 C by the method of Maruyama and Yanagita (1956) . ' This research was supported in part by a grant from the Ministry of Education.
2 Member of the Tokugawa Institute for Biological Research.
Experiments on chemical effects. Chemical agents tested were sodium cyanide and crystalline chloramphenicol. The growth inhibitory activity of these agen'ts was checked by the observation of delay in synchronous division as compared with a control culture. Synchronized cells growing in the medium were subjected to the action of an agent for a certain period at a desired phase of growth. The cells thus treated were diluted 20 to 100-fold with the medium to remove the further toxic effect of the agent. The resultant as well as prior growth was followed either by viable counting (Yanagita, 1956b) or by photometrical measurement. In the latter case, it was necessary to use a sensitive method, since the culture was highly diluted (about 5 X 106 cells per ml in final concentration). The photometrical measurement at 260 m,u, using a Hitachi EPU-2 type spectrophotometer, was found to be about 5 times more sensitive than measurement by visible light. In this procedure, however, each aliquot used for the measurement was discarded to avoid the inimical effect of ultraviolet light on the growing cells.
Experiments on radiation effect. The source of ultraviolet light was a germicidal lamp (Toshiba Electric Co., 15 W) emitting light principally of 258 mA. It was used from a distance of 60 cm.
An aliquot of culture containing 2 X 104 cells per ml was spread on a petri dish as a thin film (0.6 mm thickness) and subjected to irradiation at 25 C. Before and immediately after irradiation the number of survivals was counted by the capillary tube method (Yanagita, 1956b) . The experiments were carried out under conditions preventing photoreactivation.
Experiments on bacteriophage reproduction. Bacteriophage employed was T2r purified by high speed centrifugation. Unadsorbed phages were neutralized by the partially purified T2 phage antiserum prepared from rabbit antiphage sera. A one step growth experiment for intracellular phage was performed after the method of 523 YANAGITA, MARUYAMA, AND TAKEBE Doermann (1948) using sodium cyanide as a bursting agent.
Cytological observations. Nuclear staining was performed by Giemsa staining (Robinow, 1944 to 64.5 min) and throughout 2 life cycles divided far later than the untreated control. Thus the cyanide seemed to exhibit its highest antibacterial activity at the dividing period (or postdivisional phase) of cell growth.
A similar experiment was performed with chloramphenicol. In this experiment the time of contact with the antibiotic was 0 to 20, 20 to 40, or 0 to 50 min. The concentration of the agent was 2 X 10-5 M which caused about 50 per cent reduction of the growth rate at the logarithmic phase. Table 1 indicates the time of delay in each case in the synchronous division from that of an untreated control. The growth was checked photometrically. Chloramphenicol also was found to display stronger activity on the cells in the postdivisional phase than on those in maturity.
Effect of ultraviolet irradiation. Aliquots of the culture were taken at intervals and subjected to ultraviolet irradiation for 10 sec. This dose caused about 85 per cent mortality in a culture of E. coli obtained from logarithmic phase growth. Table 2 shows the change in survival fraction during the course of synchronous growth started from the postdivisional phase. It may be concluded from the result, that the cells became more resistant to ultraviolet irradiation as growth proceeded. This was also shown in the next experiment, in which aliquots of the culture were taken at 3 time intervals and each subjected to the ultraviolet irradiation of varying doses. The results are shown in figure 2. In this figure data representing the relationship between survival fraction and dosage for each group of cells are plotted by dots, crosses, and open circles for the cell age of 0, 14, and 29 min, respectively. It is clearly shown that at a certain dose, postdivisional cells showed the Atwood and Norman (1949) was applied to the experimental result. Curves shown in the figure were drawn in adaptation to their theory. It is noteworthy that these 3 curves run almost parallel at higher doses, and that the target numbers (n) calculated are 1.6, 3.5, and 4.4 for cell ages of 0, The curves are drawn in adaptation to the formula given by Atwood and Norman (1949) , taking values n (target number) as shown in parentheses.
14, and 29 min, respectively. The slope of the curve is proportional to the target area. Therefore, the fact that the same slope is observed for each group of cells indicates the unchangeability of the target area during the course of cell growth. The cells were examined cytologically to explain the change in target number during growth.
The nuclear pattern of cells in each aliquot of synchronously growing culture was analyzed at various time intervals. The typical nuclear pattern used as the measure of classification of cells is shown in figure 3a . Three classes of cells, those comprising bi-and quadrinucleate cells and those with dividing nuclei, were checked in each aliquot. The changes in percentage of these types of cells during growth are shown graphically in figure 3b . In relation to the cytological observations, it may be of interest that the target number, deduced from the preceding experiment, was found to be nearly 2 at the postdivisional phase and nearly 4 during the middle and predivisional phase. Thus, if it is assumed that a nucleus under division functionally represents 2 nuclei, the number of nuclei per cell seems to correspond to the number of targets of ultraviolet irradiation per cell.
Interaction between phage and host cell. The interaction of the host-parasite system was analysed in 2 steps, namely, the adsorption and reproduction of phages. In the adsorption experiment each aliquot of the culture taken at time intervals was centrifuged and concentrated to a dense mass containing 1.2 X 109 cells. The cells were resuspended in 1 ml of T2 phage suspension (3.18 X 109 particles per ml), the phage:bacterium ratio thus being 2.6. The mixture was then incubated for 5 min at 37 C, and the addition of T2 antiserum followed for the neutralization of unadsorbed phage particles. After neutralization was completed, the system was diluted 105-fold, and the number of infective centers determined. The result is tabulated in table 3. It was disclosed by this experiment that the amount of adsorbed phage per cell increased as growth proceeded and that the phage adsorbing capacity of a predivisional cell was almost twice that of a postdivisional cell. It has been observed that cells of this organism grow only in length, not in width. Therefore, the surface area of a cell should develop twice, while a postdivisional cell is growing up to predivisional. Thus, the phage adsorbing capacity of a cell appears to depend simply on its surface area and not on its physiological state.
Phage reproducibility of the cells of E. coli during the course of synchronous growth was tested. In this experiment, an input ratio of 1:30 phage:bacterium was employed, and the burst size obtained for each aliquot is plotted in figure  4a . It was revealed that the burst size varied conspicuously as growth of host cells proceeded, showing a peak at 30 min growth. The next experiment was designed to examine whether or not figure 4b , the latent period for reproducing intracellular phages was found to remain unchanged in both types of cells, while the burst size differed significantly.
DISCUSSION
Much information is available concerning the change in bacterial sensitivity to a wide variety of deleterious agents during the course of cultural development (Winslow and Walker, 1939) . However, correlation of bacterial sensitivity with the cellular growth (not cultural development) of microorganisms could scarcely be found. In this sense until recently the germinating spores of bacteria and fungi were the most desirable test organisms, since the cells grow almost synchronously. Scattered reports on the changes in drug, heat, and radiation sensitivities of germinating spores of microorganisms have been published (Wynne, 1952; Newcombe, 1954; Yanagita and Yamagishi, 1957 unpublished data).
In the present experiments, change in cellular response to deleterious agents during synchronous growth of E. coli cells was investigated. Cellular susceptibility to chemical and physical agents (sodium cyanide, chloramphenicol and ultraviolet irradiation) was found to be greatest at the dividing or postdivisional phase of cell growth. From these observations, one is tempted to generalize these results among other antibacterial agents, although this generalization is conjecture until more data are available.
Recently several papers dealing with the ionizing radiation sensitivity of growing cell have been published. Stapleton (1955) observed the phasic changes in sensitivity to X-irradiation during the course of cultural development of E. coli. Characteristic, was a remarkable increase in resistance of the bacteria during the lag period. In contrast to this observation, Houtermans (1953) described that E. coli cells lost resistance to ultraviolet and oa-irradiation at the initial phase of cultural development. It is not clear why such a wide discrepancy exists between these 2 observations. It should be noted, however, that in Houtermans' experiment, synchronized cell divisions are clearly demonstrated. As discussed by our group (Yanagita, 1956a; Takebe and Yanagita, 1957) synchronous growth can generally be observed at the early phase of cultural development as cells are transplanted from the maximum stationary phase into a fresh medium. In the course of synchronous growth, the initial period may be devoted to the restoration from a degenerated state (so-called cellular senescence), if any, and normal growth of cells ensues, so that it is probable that the radiation sensitivity at the time of inoculation may be dependent on the cultural history of the cells inoculated. On discussing the radiation susceptibility change during normal cell growth, one should note events occurring during the course of second generation, if it is observable, in the early synchronous growth. Houtermans showed that during the second generation of the cellular development cells are the most susceptible to the ionizing radiations shortly after cell division, and the validity of this conclusion was proved by the present experiments. Bruce and Maal0e (1956) also observed ultraviolet sensitivity of growing Salmonella typhimurium cultured synchronously. They concluded, contrary to our result, that the cells were most resistant after cell division and most sensitive before cell division. In their experiment the method of synchronization was basically different from ours. The multiple temperature shift technique of Lark and Maaloe (1954) was employed.
They stated: "at the survival levels at which these experiments have been conducted the UV resistance of a 37 C, exponentially growing, culture is roughly twice the UV resistance of similar 25 C cultures", and "the WTV resistance of a 25 C, exponentially growing, culture which has been suddenly transferred to 37 C rises rapidly (doubling in three or four minutes) to a value six or eight times as high as at 25 C...." Thus, as they pointed out, the interpretation of result obtained by this method seems to be quite difficult owing to the intrinsic difference in ultraviolet sensitivity between 25 C and 37 C cells.
Newcombe (1954) observed the change in X and ultraviolet sensitivity in germinating spores of Streptomyces. This organism was quite favorable for this type of experiment in that the first nuclear division was nearly synchronous. Newcombe also showed that the spores became more resistant, and that there was an increase in number of nuclei in the spore during the course of germination. Stapleton (1955) suggested that bacterial inactivation by ionizing radiations was a nuclear process. Multitarget analysis (Atwood and Norman, 1949) of our data together with cytological examination disclosed the nature of ultraviolet sensitivity of the growing cell in relation to the nuiclear division cycle. The dosageresponse curves obtained for each group of cells of different ages ran almost parallel. This fact suggests that the target area does not change during cell growth. In Stapleton's experiment the slope of dosage-response curves for the group of cells obtained during cultural development unequivocally changed. Thus, it may be possible to consider that the mechanism of change in radiation sensitivity of cells during cellular growth and cultural development differs at least in part. In the former case, the change seems simply to depend on the number of nuclei, while in the latter the change may depend not only on the number of nuclei but on the qualitative change in the nuclei. The qualitative change in nuclei may be caused by the physiological alteration of cells in response to the environmental changes during cultural development.
The capacity of cells to reproduce virus particles during the course of cellular growth was clearly demonstrated in this synchronous growth experiment. A similar attempt was made by Barner and Cohen (1956) using a thymineless mutant of E. coli. Unfortunately no significant differences in virus reproducibility of cells of different ages were observed, whereas nucleic acid synthesis in infected synchronized bacteria showed more or less differences among the cells of varying ages. However, as suggested by these workers, the cells used for the experiment appeared to be rather pathological. In the present experiment, the method of synchronization is purely mechanical, so that the prior conditioning does not result in any physiological stress which causes the unbalanced metabolism in cells. The result obtained by the method showed that when parent phages were infected onto postdivisional cells, progeny phages were reproduced only slightly, while when parents were infected onto middle phase cells, progenies were reproduced in a significant amount. It was reported that in a so-called "single burst experiment" of phage reproduction (Burnet, 1929; Ellis and Delbriuck, 1939) , great disparities in the amount of phage produced were found in individual host cells. From the result of our present experiment, this phenomenon may be accounted for by the fact that in the single burst experiment, a wide variety of cell age of the hosts at the time of phage infection resulted in the wide distribution of burst sizes.
It is worthy of notice that Maruyama (1956) found that RNA synthesis commenced at the initial phase of cell growth and terminated rather rapidly, while DNA was synthesized before or during the cell division. As cytologically presented in figure 3b, nuclear division seems to proceed at the later phase of cell growth. Thus, it may be recapitulated that phage particles seem hardly to be reproduced when a host is infected by parent phages before the completion of RNA synthesis in the host, and that if the host is infected by phages at a certain physiological state under nuclear division, the situation would highly favor the phage reproduction.
SUMMARY
A synchronous culture of Escherichia coli strain B, was used to determine changes in cellular susceptibility to chemical, physical, and biological agents during the course of cellular growth. It may be concluded in general that immature cells are more susceptible to chemical and physical agents than the mature cells. The mechanism of bacterial inactivation by ultraviolet irradiation was analyzed both physiologically and cytologically. The results led to the conclusion that the bacterial inactivation by ultraviolet irradiation is a nuclear process and the change in ultraviolet sensitivity during cell growth may be attributable to the number of nuclei per cell.
Phage T2r reproducibility in the host cell also was found to be dependent on the cellular age when the parent phage was infected. More progeny phages were found to be reproduced when parent phages invaded mature cells than when they invaded immature cells. The relationship between the phage reproducing capacity and the cytochemical and cytological nature of the host was discussed.
